To evaluate the response of the ant assemblages to different management practices in the tropical dry forests of southwestern Colombia, 10 sites that conserve forest fragments surrounded by pastures and sugarcane crops were sampled. Tuna-fish baits placed on the ground in the three habitats captured 100 ant species (41 genera). The greatest number of species was found in the forests in contrast with a significant loss of richness and diversity in the productive habitats, the pastures being richer than the cane fields. Species richness was negatively correlated with the abundance of the little fire ant Wasmannia auropunctata. Ant species composition was related to soil temperature and percent ground cover, as well as being partially determined by location and the abundance of W. auropunctata. The forests had a significantly different species composition from the other two habitats, but there were no consistent differences between the pastures and the cane fields.
Introduction
The commonest consequence of converting tropical forests on a large scale is a mosaic of fragments of relictual vegetation surrounded by productive habitats such as pastures for cattle, sugarcane crops, and oil palm plantations [1, 2] . Modifications of the natural habitat generally result in loss of species and changes in the composition and diversity of different animal groups [3] [4] [5] [6] including insects [7] [8] [9] . To understand the effects of transforming the natural habitat, it is important to examine how the richness and composition of species change in areas that contain differentsized fragments as part of one large disturbed matrix [10] .
The tropical dry forest is one of the most transformed and threatened ecosystems in the world [11, 12] . Of the 519,597 km 2 of remnants of this forest distributed throughout the Americas, half the area (51%) is found in South America [13] , where conversion to agriculture represents a substantial risk to the highly fragmented patches of dry forest [14] . Of the 30,713 km 2 of dry forest existing in Colombia today, 1977 km 2 [13] , are found in the geographic valley of the Cauca River, spread out in more than 1600 fragments with an average size of 6 ha [15] . This situation is the consequence of the expansion of the sugarcane monocrop and pastures [16] .
Given the urgency of determining the biodiversity in the relictual forests of the Cauca River Valley, studies have been conducted on ants and Staphylinidae (Coleoptera) [17] , highlighting the need for obtaining information about the structure and dynamics of the biotic communities in these forest remnants and their adjacent matrixes.
Ants have a large number of attributes, offering many possibilities for monitoring, inventorying, and basic ecology [18, 19] . In addition to their high diversity and dominance in terms of biomass and numbers, particularly in tropical forests [20, 21] , the ground-foraging ant assemblage is especially sensitive to impacts due to transformation of the habitat [22] , because of this, they have been widely Psyche used as indicator species [23] . Many studies report that such disturbances promote changes in the structure and composition of the ant assemblages [24, 25] , loss of species richness [26] , reduced density of nests within the fragments [27, 28] , and a high number of tramp species in fragments as compared with continuous forests [29] .
In the dry forests of southwestern Colombia, where some 200 ant species have been recorded [17] , the forest fragments conserve greater species richness than their adjacent matrixes [30] . Moreover, the richest forests have a greater number of rare species [31] , and the richness and relative frequency of some groups (e.g., legionary or army ants) are correlated positively with the area [32] . Although the actual composition of ant species varies significantly among sampling sites [33] , the little fire ant (Wasmannia auropunctata R.) is numerically dominant; thus, it has been proposed as an indicator of low diversity in the dry forest [34] .
This study compared the richness and composition of the ground ant community at 10 sites in the three different habitats: forest fragments, pastures for cattle-raising, and sugarcane crops. The objective was to determine the effect of the different sites and habitats on the richness and composition of ant species, taking into account a gradient of disturbance and environmental and biotic variables. In addition, the study aimed to determine whether the changes in species richness and composition were conditioned by the presence of dominant ants. Finally, based on the results, a broader view for conserving forest fragments and using sustainable management practices for the associated habitats can now be provided.
Materials and Methods

Study Area.
Located in southwestern Colombia, the area corresponds to the inter-Andean floodplain formed by the upper watershed of the Cauca River, with an area 230 km long by 10-20 km wide and at an altitude of 900-1100 m. The climate is typical of a tropical dry forest, with an average annual temperature of 24
• C and 1000-2000 mm of rainfall, distributed in two periods (April-May and OctoberNovember), during which 70% of the total annual rainfall occurs [35] .
Ten sites were selected, distributed from South to North, covering three states in southwestern Colombia (Table 1) . Each site comprises a forest fragment whose arboreal vegetation reaches a canopy of 30 m, with prominent species of wild cashew (Anacardium excelsum), Xylopia ligustrifolia, Laetia americana, cow or wild fig (Ficus glabrata) , Cecropia sp., and kapok (Ceiba petandra) [36] , frequently mixed with clumps of Guadua angustifolia (Tribe Bambuseae). The forest fragments differ in shape, area, and type of matrix [37] , in which pastures for cattle raising (36% of the area) and intensive sugarcane production (52%) predominate [15] .
Sampling of Ants.
Sampling was performed during the rainy season, from October to December, 2005 and February to May, 2006 . Three habitats were identified at each site: forest, sugarcane fields, and pastures. All the pastures and cane fields surveyed were adjacent to the forest. Linear transects were marked off at random in each habitat, and 40 sampling stations were placed every 20 m to guarantee independence of the samples based on the ants' foraging distances [38] . All transects were placed parallel to the forest edges at a minimum distance of 50 m. At each sampling station, coordinates were taken (GPS Garmín 12XL); and four variables were measured: soil moisture, soil pH (Kelway meter), soil temperature (Weksler thermometer), and canopy cover (spherical concave densitometer, Forestry Suppliers, Inc.).
The ants were collected using tuna-fish baits, one per sampling station. This method is useful for estimating the composition and richness of the ant fauna that forage actively on the ground [39] and has been widely used in dry forests [30, 31, 34] . The baits, previously evaluated by Achury et al. [33] , consisted of a piece (4 × 4 cm) of white bond paper, on which was placed an average of 9 g (±1.7) of tuna fish conserved in oil. They were then put on the ground and left there for 3 hours. The ants that were found directly on the tuna fish were collected, and the rest of the bait, including part of the soil beneath, was also picked. This was done because on underside of the paper, there were often very small or less aggressive ant species.
The samples were cleaned in the laboratory and conserved in ethanol at 80%. Their identification was done to the genus level according to Palacio and Fernández [40] and Bolton [41] . At the species level, Longino's key [42] was used, as well as to comparing ants with specimens from the Museum of Entomology at the Universidad del Valle (MEUV) and the Museum of Zoology at the Universidade de São Paulo (MZUSP). The reference collection was deposited in the MEUV.
Data Analyses.
For each sample (1 tuna-fish bait), the number of morphospecies of ants that were attracted to the bait and their respective abundances were counted. A descriptive analysis was done of the percent occupation of the baits by the different subfamilies, genera, and certain species.
To determine the differences with respect to ant richness and composition, two scales were analyzed: sites (total 10) and habitats (total 3, represented by forests, cane fields, and pastures). Correlations were sought between species richness per site versus three variables: latitude, total number of captures, and abundance of the commonest species (W. auropunctata). A correlation was also run between latitude and abundance of W. auropunctata. The richness per habitat was compared using rarefaction curves based on samples [43, 44] , using the Estimates S program v. 8.2 [45] . Data on species density were used because they provide a better indicator of the differences in structure within the habitats [24] .
The three habitats were compared with respect to four variables: abundance of ants per bait (natural logarithm), species richness per bait, the Shannon diversity index, and the numeric dominance index (ratio between number of workers of the most abundant species and total abundance of all species in the habitat). A one-way analysis of variance (the Kruskal-Wallis test) was applied, and multiple comparisons Psyche 3 were made using the Tukey test and Bonferroni correction [46] . Species composition was described using the data on frequency of capture for all the species, and the similarity among the sampled sites was determined by means of hierarchical cluster analysis [47] . Then, the PC-ORD program v. 4 [48] was used to compare the groups formed, using the nonparametric multivariate technique MRPP (Multiresponse permutation procedure), which tests the null hypothesis of there being no difference between two or more groups of entities, based on previously defined groups [47, 49] . This technique was also used to compare the ant assemblages among habitats.
To examine whether the environmental variables (soil moisture, pH, temperature, and percent ground cover) and biotic variables (species richness and abundance of W. auropunctata) are related to the ant assemblage structure (frequency of capture per habitat), a canonical correspondence analysis (CCA) [48] was performed, followed by the Monte Carlo significance test (999 permutations). These analyses were done with the PC-ORD program v. 4.
Results
General Data on Ants Collected.
Of the 1062 baits placed, 93.03% scored positive for ants, with an average per site of 92.83% (± 6.41) ( Table 2) . A total of 194,347 ants were attracted to the tuna-fish baits, classified into 100 species, 41 genera and 8 subfamilies (see the appendix). Myrmicinae was the subfamily with the most genera and species (24 and 66, resp.), followed by Dolichoderinae (5 genera, 7 species), Formicinae (4, 16), Ponerinae (2, 4), Ecitoninae (2, 2) Ectatomminae (2, 2), Pseudomyrmecinae (1, 2), and Heteroponerinae (1, 1). The richest genera were Pheidole (19 species), Crematogaster (9), Solenopsis (8), and Camponotus (4). The dominant species in the study were W. auropunctata (130,757 workers) and Solenopsis geminata (29, 565) , together representing 82.5% of the captures.
Richness and Abundance.
The average number of ant species per site was 30.4 (minimum 17, maximum 46), with higher values toward the North of the study area (Table 2) . Except for two sites (Colindres and San Julián), where the pastures or cane fields, respectively, had the greatest species richness, more species were recorded in the forest habitat ( Figure 1 ). The rarefaction curves showed that the forests had the greatest richness compared with the pastures and cane fields (F 2,12 = 789.34; P < 0.001), which had the lowest number of species (Figure 2) .
A highly significant positive correlation was found between richness and latitude (r = 0.8453; df = 8; P = 0.002). In contrast, a highly significant negative correlation was found between abundance of W. auropunctata and latitude (r = −0.9581; df = 7; P < 0.001). Species richness per site varied inversely with the total captures of W. auropunctata (r = −0.8062; df = 7; P = 0.008) and its respective abundance (r = −0.8569; df = 7; P = 0.003).
Significant differences were found among the habitats for the variables ant abundance per bait (F 2,985 = 12.31; P < 0.0001) and species richness per bait (H = 25.86; df = 2, n = 988; P < 0.001), as well as for the Shannon diversity index (F 2,22 = 21.13; P < 0.001). Abundance was greater in the cane fields and the forest than in the pastures (Tukey: P < 0.001) (Figure 3(a) ), while richness was greater in the pastures and forest (Bonferroni correction: P < 0.001) (Figure 3(b) ). The diversity index was significantly greater in the forest (Tukey: P < 0.001) (Figure 3(c) ). No significant differences were found for the dominance index (F 2,19 = 0.13; P = 0.87) given that in the three habitats it was higher than 60% (Figure 3(d) ). Wasmannia auropunctata ant was dominant in the forest and cane fields, whereas in the pastures its index was low (36%), the dominant species being S. geminata.
Species Composition.
Based on the dendrogram, four groups were differentiated with a level of retention of over 50% (Figure 4 ). There were significant differences in ant composition among sites (MRPP: A = 0.129; T = −4.408; P = 0.0002), which were determined by geographic location and the abundance of W. auropunctata. The first group was formed by the four sites in the North, which also had the lowest abundance of W. auropunctata (Aguas Claras, Alejandría, Miralindo, and Las Pilas). In Las Chatas, which was separate from the other sites, no W. auropunctata ants were captured. The third group covered the midzone of the geographic valley of the Cauca River (El Hatico, El Vínculo, and El Medio). Lastly, the fourth group was formed by the two sites in the South (Colindres and San Julián), where the greatest abundance of W. auropunctata was found. The CCA showed that the habitats formed separate groups that varied with respect to the composition of ants ( (Table 3) shows that that there is a strong relationship between the community structure and the variables soil temperature, percent ground cover, abundance of W. auropunctata, and richness of ant species, of which the first three were strongly associated with the second axis, while the last one was associated with the first axis. The variables pH and soil moisture had weak relationships with the composition of ants. The proper values (eigenvalues) for the first two axes explained the highest percent of cumulative variance (21.7%) and were significant (Table 3 ).
Discussion
Sampling methods in this study did not include collecting litter, so it would be expected that species richness would not be as high; however, the 100 ant species collected with the tuna-fish baits in the 10 dry forest fragments represent 50% of the species recorded in the study area [17] . Myrmicinae was the most diverse subfamily, with five times more genera and four times more species than the other subfamilies. This preeminence can be explained by the great adaptive radiation, range of foraging behaviors, nesting habits, and colony structure of this subfamily [20] , which includes the genus Pheidole, which had the greatest richness (19 species) and which is represented by 651 species in the New World [50] . In the study area, agricultural intensification has occurred from the edges of the Cauca River in the flatlands toward the foothills [16] . Species' richness increased toward the North of the study area (Figure 1) , where the sampled sites are found close to the foothills of the central and western Andean mountain ranges; by contrast, the sites in the South are found in the flatlands closer to the edge of the Cauca River. Arcila-Cardona et al. [37] showed that the sites located to the North are more interconnected than the midzone and South of the geographic valley and are surrounded by gallery forests and patches of Guadua angustifolia, which increases the heterogeneity of the landscape and favors the movement of ant species among sites. This result is related to what Cook et al. found [51] , where small or isolated fragments maintain high species richness due to the availability of colonizers from adjacent heterogeneous matrixes. Another phenomenon that can affect the species richness of ground ants is the periodic flooding that affects the sites in the South with greater frequency [16] . This stochastic event could alter the availability and quality of the habitat dramatically [22] , resulting in a reduction in the richness of ants [52] when they are forced to move their nesting sites regularly [53] .
The inverse correlation between species richness and the abundance of W. auropunctata reinforces the idea that the little fire ant can be used as an indicator of low diversity in ant assemblages [34] . This species is 10 times more abundant toward the South of the region sampled, where the process of fragmentation has been more aggressive [16] . Under these circumstances, W. auropunctata has largely displaced the ant fauna in some areas of the tropical forest in southwestern Colombia, accounting for up to 84% of the total captures. The increase in invasive or aggressive species is one of the effects of fragmentation that has been reported with greatest frequency [28, 29, [54] [55] [56] and has had negative effects on the native fauna, decreasing the utilization of resources for other species of ants and other arthropods, thereby affecting plants and associated arthropods, either directly or indirectly [22] . Although W. auropunctata is a very common native species of neotropical forests that does not usually dominate entire assemblage [57] [58] [59] , in disturbed areas such as agricultural and forestry systems, as well as in regions outside its native range, the little fire ant commonly has enormous populations [60, 61] and is capable of exterminating ant populations over large areas [20] . That result is in agreement with those found in this study.
In agreement with the rarefaction curve (Figure 2) , there are significant differences in the number of species per habitat, which shows that management has an important effect on the ant fauna in these tropical dry forests. Species richness is greatest in the forests and lowest in the cane fields. The comparison among habitats indicates a significant loss of species between the forest and productive habitats, given that the forests have 51 species that were not recorded in either the cane fields (only 3 exclusive species) or the pastures (8 species). This pattern of species richness is common in tropical zones [24, 27, 62] , where the richness declines along a gradient of succession or disturbance. Majer et al. [63] showed that the permanent transformation of forests to crops dramatically reduces species richness. Perfecto et al. [64] reviewed 22 studies, of which 18 reported that ant diversity decreased with the intensification of agriculture. In Psyche 7 the tropics, a large part of the anthropogenic disturbance is due to pastures for cattle raising [22] , and this intensification can result in the loss of richness, especially of cryptic or specialized predator species [65] . The habitat with the lowest number of species was the cane fields, which can be related to common cultural practices in this monocrop, such as burning, application of agrochemicals, and removal of litter from the ground [66] . These factors, in contrast with management of the pastures, impact species richness more intensely by eliminating nesting and food resources. In this study, the composition of the ant assemblage at the scale of the site and habitat could be partially structured by the abundance of W. auropunctata. Some studies provide evidence that the dominant species is a key factor in structuring the ant assemblages [25, 67] , given that such species partially control the competitive interactions in tropical forests [33, 68] .
Significant differences were found in ant composition among habitats. The forests are more diverse (Figure 3(c) ) and have a composition separate from the other two habitats. In the study area, some mechanisms that explain the changes in species composition are related to microenvironmental variables, such as soil temperature and percent ground cover ( Table 3 ). The loss of arboreal vegetation has a significant effect on the assemblage of ants, given that it changes microclimatic conditions, including temperature regimes and relative humidity gradients [22] . These disturbances and conversions to productive agroecosystems limit the nesting sites, generating changes in species composition [69] . For example, W. auropunctata is the dominant species in the forest and cane fields, whereas in the pastures S. geminata dominates (Figure 3(d) ). The pastures have a higher temperature and little ground cover in the form of litter and pieces of bark, conditions that are adverse for the nesting of W. auropunctata. In contrast, S. geminata dominates sites where the intensification of agriculture has generated open systems with high solar radiation [70] . Although there is a clear distinction between the assemblages of ants associated with the cane fields and pastures, the differences were not significant (P = 0.063). One possible reason is that the cane fields in the study area are adjacent to the pastures, so there could be a movement of species between habitats. Our results agree with other studies conducted in tropical forests [24] , which found that in a regeneration gradient, soil generalists ant fauna can move between adjacent areas with low complexity. Thus, they propose the existence of spatial self-correlation as an explanation, given that low-complexity habitats most likely present a more traversable surface at the scale of a foraging ant.
Conclusions
The results obtained confirm that the structure and composition of the ground ant assemblage in the tropical dry forest of southwestern Colombia differ at both site and habitat levels. These changes are related to the abundance of dominant species (primarily W. auropunctata), as well as to geographic position, microclimatic conditions, and the complexity of the habitats and sampling sites. Moreover, it is important to take into account the conditions of each site and the gradient of isolation and disturbance that there is from South to North. The sites in the South, in contrast with those from the North, are more isolated and have been submitted to greater disturbance (e.g., cattle entering the forest fragments, cutting down trees, and greater use of agrochemicals in the cane crops).
Moreover, it is hypothesized that the indirect effect of loss of species due to isolation and fragmentation can favor Psyche colonization by species such as W. auropunctata, which takes advantage of the freeing up of resources and niches due to the disappearance of other species and manages to build up a high population density. Given that agricultural conversion has favored the excessive abundance of W. auropunctata to the detriment of the diversity of ants associated with the dry forest, it is important to maintain the heterogeneity of the landscape. Despite the aggressive transformation of the dry forest for agriculture, these relicts conserve a large number of species whose composition depends on the site. Consequently, the loss of some of the forest fragments would theoretically mean the disappearance of some species at the local and regional scale, resulting in the homogenization of the ant fauna. Accordingly, it would be important to increase the structural connectivity between sites, which would also serve to prevent the continued degradation of the forest and improve management of the matrixes. Finally, in line with other studies [71, 72] , this work reinforces the idea of how vulnerable ant assemblages are to environmental disturbance.
